Introduction {#Sec1}
============

Lung cancer remains the leading cause of cancer mortality worldwide \[[@CR1]\], with almost 160,000 deaths estimated for 2013 in the USA alone \[[@CR2]\]. Non-small cell lung cancer (NSCLC) accounts for the majority (85 %) of all cases. Platinum-based combination chemotherapy provides the foundation for standard-of-care treatments in the clinical management of advanced NSCLC; unfortunately, this strategy has largely reached a plateau of effectiveness in improving overall survival rates for patients \[[@CR3], [@CR4]\]. NSCLC is characterized by a remarkable degree of genetic diversity and may be further classified into distinct molecular subsets based on genotypic alterations that act as oncogenic drivers of malignancy in this disease \[[@CR5], [@CR6]\]. Over recent years, an increased biological understanding of NSCLC tumorigenesis has transformed lung cancer therapy from broad-based cytotoxic use toward more tailored treatment approaches for certain NSCLC patient populations \[[@CR7]\]. This paradigm shift has, in turn, provided meaningful improvements in overall survival and quality of life \[[@CR5], [@CR7]\].

A prime example is provided by targeted inhibitors of the epidermal growth factor receptor (EGFR), which revolutionized and modified the principles of NSCLC treatment a decade ago \[[@CR8]\]. EGFR is a member of the ErbB family of transmembrane receptor tyrosine kinases (EGFR/ErbB1, human epidermal growth factor receptor 2 (HER2)/ErbB2, HER3/ErbB3, and HER4/ErbB4). EGFR activation stimulates a variety of intracellular signaling cascades, including the JAK/signal transducers and activators of transcription (STAT), RAS/RAF/extracellular-signal-regulated kinase (ERK), and PI3K/AKT pathways \[[@CR9]\]. In tumor cells, EGFR activity may become dysregulated through a number of mechanisms, including activating mutations, amplification of gene copy number, and/or receptor overexpression \[[@CR10]\]. EGFR overexpression is a feature of NSCLC tumors, particularly in patients with metastatic disease, and is correlated with poor prognosis \[[@CR11]\]. Gefitinib and erlotinib, both small-molecule EGFR tyrosine kinase inhibitors (TKIs), were the first molecularly targeted agents used in the treatment of advanced NSCLC. Dramatic tumor responses and favorable clinical outcomes led to their widespread use in the first-line setting for NSCLC patients bearing activating EGFR mutations. However, durable responses to either TKI are rare due to the invariable development of resistance, which commonly arises through the acquisition of a second-site mutation (T790M) within EGFR \[[@CR12], [@CR13]\], or via activation of compensatory signaling pathways that bypass the receptor and restore downstream oncogenic signaling \[[@CR14]\]. Strategies to counteract acquired resistance to EGFR TKI therapy have not yet been established, and this remains an ongoing challenge for NSCLC treatment.

In addition, targeted EGFR therapy using erlotinib and gefitinib preceded a full understanding of their mechanism of action, such that regulatory approval that occurred before EGFR mutational status was identified as a predictive biomarker for clinical activity \[[@CR15]\]. While the efficacy of these drugs is generally superior to chemotherapy for individuals whose tumors harbor EGFR mutations, the incidence of EGFR mutation-positive patients ranges from approximately 30 % in Asian populations to only 10--15 % in Western countries \[[@CR16]\]. Thus, the clear majority of NSCLC patients worldwide do not harbor EGFR mutations, and the value and applicability of EGFR TKIs within the context of wild-type EGFR (WT-EGFR) NSCLC are controversial \[[@CR17]--[@CR19]\].

Selective inhibitors of the molecular chaperone heat shock protein 90 (HSP90) are an actively pursued class of agents currently under development as novel anticancer therapeutics \[[@CR20]\]. HSP90 plays an essential role in regulating the functional stability and maturation of numerous key signal transduction proteins, termed "client" proteins \[[@CR21]\]. Notably, a number of sensitive HSP90 clients have been implicated in the pathogenesis of NSCLC, including EGFR and anaplastic lymphoma kinase (ALK), and intermediates of oncogenic signaling cascades such as RAF and AKT \[[@CR22]\]. Indeed, the chaperone activity of HSP90 is commonly exploited by cancer cells to facilitate multiple aspects of the tumorigenic process, including aberrant survival, oncogene addiction, and metastatic potential \[[@CR23], [@CR24]\]. Because inhibition of HSP90 activity targets its clients for proteasomal destruction, pharmacological blockade of the chaperone provides a mechanism to concomitantly disrupt multiple oncogenic signaling cascades through a singular molecular target \[[@CR25], [@CR26]\]. Moreover, this unique characteristic also serves as a means to overcome signaling redundancies and drug resistance mechanisms observed in many cancers \[[@CR25]--[@CR27]\].

Ganetespib is a potent, resorcinol-based small molecule inhibitor of HSP90 that exhibits robust preclinical activity against a range of cancer models, including NSCLC \[[@CR28]--[@CR31]\]. Importantly, beyond client-driven tumor types, ganetespib can potentiate the effects of other molecularly targeted and chemotherapeutic agents while simultaneously counteracting both intrinsic and acquired drug resistance in a variety of tumor models (reviewed in Proia and Bates \[[@CR29]\]). Moreover, a maturing clinical profile has revealed evidence of therapeutic efficacy in NSCLC, most notably as a single agent in ALK-driven disease and as part of combination therapy with docetaxel in advanced adenocarcinoma patients \[[@CR32], [@CR33]\]. In light of these considerations, we sought to determine whether ganetespib could potentiate EGFR TKI activity within the context of EGFR mutant NSCLC, using both erlotinib-sensitive and erlotinib-resistant models. Since therapeutic response to HSP90 inhibition and EGFR kinase blockade is also of clinical interest for WT-EGFR lung cancer, we further combined these two modalities in NSCLC models of this phenotypic background. The data reported here suggest that ganetespib treatment alongside EGFR kinase inhibition offers a potentially important complementary strategy to targeted TKI inhibition alone for inducing substantial antitumor responses, as well as overcoming TKI resistance, in both the mutant and WT-EGFR settings.

Materials and methods {#Sec2}
=====================

Cell lines, antibodies, and reagents {#Sec3}
------------------------------------

The NCI-HCC827, NCI-H1975, NCI-H1395, NCI-H1666, and NCI-H292 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). NCI-H322 cells were purchased from Sigma-Aldrich (St. Louis, MO, USA). All were maintained at 37 °C in 5 % (*v*/*v*) CO~2~ using culture medium recommended by the supplier. The remaining NSCLC lines listed in Table [1](#Tab1){ref-type="table"} are part of a collection assembled by The Center for Molecular Therapeutics (Massachusetts General Hospital Cancer Center) who performed the drug sensitivity analysis. All primary antibodies were purchased from Cell Signaling Technology (CST, Beverly, MA, USA) with the exception of p-EGFR (Invitrogen, Grand Island, NY, USA) and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Ganetespib \[3-(2,4-dihydroxy-5-isopropylphenyl)-4-(1-methyl-1H-1,2,4-triazol-5(4H)-one\] was synthesized by Synta Pharmaceuticals Corp. Erlotinib and afatinib were purchased from LC Laboratories (Woburn, MA, USA).Table 1In vitro cytotoxicity values of ganetespib in EGFR wild-type NSCLC linesCell lineGanetespib IC~50~ (nM)LC-2-ad8LU-1358SK-MES-19NCI-H3229NCI-H234210NCI-H59611NCI-H212612LCLC-103H12NCI-H29213NCI-H164814LXF-28916NCI-H52216SBC-516NCI-H129917NCI-H52018NCI-H240520DMS-27320NCI-H1838^a^21NCI-H166622ABC-123COR-L10523ChaGo-K-125CAL-12 T26NCI-H143726RERF-LC-MS30Calu-334NCI-H81037NCI-H170338HOP-9239NCI-H175553NCI-H83854^a^NCI-H1838 cells exhibit genomic amplification of wild-type EGFR

Cell viability assays {#Sec4}
---------------------

Cellular viability was assessed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA) according to the manufacturer's protocol. Lung cancer cell lines were seeded into 96-well plates based on optimal growth rates determined empirically for each line. Twenty-four hours after plating, cells were dosed with graded concentrations of drug for 72 h. CellTiter-Glo was added (50 % *v*/*v*) to the cells, and the plates incubated for 10 min prior to luminescent detection in a Victor 2 microplate reader (PerkinElmer, Waltham, MA, USA). Data were normalized to percent of control, and IC~50~ values were determined using XLfit software.

Western blotting {#Sec5}
----------------

Following in vitro assays, tumor cells were disrupted in lysis buffer (CST) on ice for 10 min. Lysates were clarified by centrifugation, and equal amounts of proteins resolved by SDS-PAGE before transfer to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Membranes were blocked with StartingBlock T20 blocking buffer (Thermo Scientific, Cambridge, MA, USA) and immunoblotted with the indicated antibodies. Antibody-antigen complexes were visualized using an Odyssey system (LI-COR, Lincoln, NE, USA).

NSCLC xenograft tumor models {#Sec6}
----------------------------

Female CB-17/severe combined immunodeficient (SCID) mice (Charles River Laboratories, Wilmington, MA) at 7--12 weeks of age were maintained in a pathogen-free environment, and all in vivo procedures were performed in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Synta Pharmaceuticals Corp. Institutional Animal Care and Use Committee. NCI-HCC827, NCI-H1975, NCI-H1666, or NCI-H322 cells (5 × 10^6^) were subcutaneously implanted into SCID mice. Mice bearing established tumors (100--200 mm^3^) were allocated into treatment groups of eight (*n* = 4 for the NCI-H1666 experiment) exhibiting similar average tumor volumes and dosed either vehicle, ganetespib (i.v.) formulated in DRD (10 % DMSO, 18 % Cremophor RH 40, 3.6 % dextrose), erlotinib (p.o.) formulated in 0.1 % Tween in PBS, or afatinib (p.o.) formulated in DRD, using the schedules and regimens indicated. Tumor volumes (*V*) were calculated by caliper measurements of the width (*W*), length (*L*), and thickness (*T*) of each tumor using the formula: *V* = 0.5236(LWT). Tumor growth inhibition was determined from the change in average tumor volumes of each treated group relative to the vehicle-treated, or itself in the case of tumor regression. Statistical significance was determined using two-way ANOVA followed by Bonferroni post tests.

Results {#Sec7}
=======

Ganetespib potentiates the activity of TKIs and overcomes erlotinib resistance in NSCLC tumors driven by activating EGFR mutations {#Sec8}
----------------------------------------------------------------------------------------------------------------------------------

We and others have previously shown that ganetespib exhibits robust cytotoxic activity against NSCLC lines harboring a spectrum of activating EGFR mutations, and moreover, ganetespib retains potent activity against erlotinib-resistant NSCLC tumor phenotypes in vitro \[[@CR28], [@CR34]\]. To extend these findings, here we sought to determine whether concurrent ganetespib exposure could potentiate EGFR TKI activity in vivo. Initially, SCID mice bearing NCI-HCC827 xenografts were dosed with ganetespib and erlotinib, either alone or in combination, on a weekly dosing schedule (Fig. [1a](#Fig1){ref-type="fig"}). NCI-HCC827 cells express a mutationally activated EGFR^Del\ E746_A750^ receptor and are sensitive to erlotinib treatment. As expected, weekly administration of erlotinib at 50 mg/kg was highly efficacious, resulting in 11 % tumor regression. Although an equivalent dose of ganetespib only inhibited tumor growth by 67 % (i.e., T/C value, 33 %), concurrent administration of ganetespib with erlotinib significantly improved the TKI antitumor response, inducing 67 % tumor regression (*p* = 0.0003). All treatments were well tolerated, with no significant loss of body weights observed over the 5 weeks of dosing (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1Ganetespib confers superior antitumor efficacy in combination with erlotinib in NCI-HCC827 NSCLC xenografts. **a** Mice bearing NCI-HCC827 tumors (*n* = 8 mice/group) were i.v. administered ganetespib or p.o. dosed with erlotinib (each at 50 mg/kg) on a weekly dosing regimen, either alone or in combination. Data are expressed as mean and SEM for each time point. Numerical T/C values are indicated to the *right* of each growth curve. Combinatorial ganetespib plus erlotinib therapy was significantly more efficacious than either agent alone (combination vs. erlotinib, \**p* = 0.0003). **b** Body weights were measured five times per week for the first 2 weeks of dosing and twice per week thereafter. Mean values are plotted against vehicle controls

This capacity to potentiate the activity of erlotinib therefore prompted an evaluation of combination therapy using the erlotinib-resistant, EGFR^L858R/T790M^ mutant-expressing NCI-H1975 NSCLC model. At the molecular level, single-agent ganetespib treatment resulted in a potent and dose-dependent destabilization of EGFR^L858R/T790M^ and HER2 in NCI-H1975 cells (Fig. [2a](#Fig2){ref-type="fig"}). This was accompanied by inactivation of downstream effector pathways including STAT signaling, the mitogen-activated protein kinase (MAPK) pathway, and AKT activity, as evidenced by loss of (phosphorylated) p-STAT3, p-ERK, and p-AKT protein expression, respectively. These effects were associated with a concomitant increase in BIM protein levels, a marker of apoptosis (Fig. [2a](#Fig2){ref-type="fig"}). In vivo, erlotinib dosed at its maximally tolerated dose (MTD) of 200 mg/kg had no antitumor activity, consistent with the resistant phenotype of these cells (Fig. [2b](#Fig2){ref-type="fig"}). Ganetespib (50 mg/kg) monotherapy was moderately efficacious, inhibiting tumor growth by 39 % (T/C value, 61 %). However, when the two agents were combined, a significant improvement in efficacy was seen (T/C, 28 %; *p* \< 0.0001). This combinatorial benefit suggested that ganetespib co-treatment was sufficient to overcome erlotinib resistance in these tumors.Fig. 2Combinations of ganetespib with EGFR TKIs overcome erlotinib resistance and confer superior antitumor efficacy in NCI-H1975 NSCLC xenografts. **a** NCI-H1975 cells were incubated with the indicated concentrations of ganetespib for 24 h. Cell lysates were analyzed by Western blotting. **b** Mice bearing NCI-H1975 tumors (*n* = 8 mice/group) were i.v. administered ganetespib (50 mg/kg) or p.o. dosed with erlotinib (200 mg/kg) on a weekly dosing regimen, either alone or in combination. Data are expressed as mean and SEM for each time point. Numerical T/C values are indicated to the *right* of each growth curve. Erlotinib monotherapy had no activity in this resistant xenograft model; however, the combination of ganetespib and erlotinib was significantly more efficacious than ganetespib treatment alone (\**p* \< 0.0001). **c** NCI-H1975 cells were incubated with the indicated concentrations of ganetespib or afatinib, both alone and in combination, for 24 h. Cell lysates were analyzed by Western blotting. **d** Mice bearing NCI-H1975 tumors (*n* = 8 mice/group) were i.v. dosed with ganetespib (50 mg/kg) once weekly and afatinib (5 mg/kg) administered p.o. five times/week, either alone or in combination. Combinatorial ganetespib plus afatinib therapy was significantly more efficacious than either agent alone (\**p* \< 0.001). **e** Mice bearing NCI-H1975 tumors (*n* = 8 mice/group) were i.v. dosed with ganetespib (50 mg/kg) once weekly and afatinib (20 mg/kg) administered p.o. five times/week, either alone or in combination. The combination of ganetespib and erlotinib was significantly more efficacious than single-agent therapy, resulting in tumor regressions (\**p* \< 0.0001)

Next, we evaluated combinations of ganetespib with afatinib \[[@CR35]\], which has reported antiproliferative activity in preclinical models expressing T790M \[[@CR36]\] and was recently approved as a first-line oral treatment for NSCLC with EGFR exon 19 deletions or exon 21 (L858R) substitution mutations. In vitro, treatment of NCI-H1975 cells with 100 nM ganetespib resulted in robust degradation of EGFR protein expression and concomitant reductions in p-EGFR activity, as well as loss of activated (phosphorylated) forms of MEK and ERK. Consistent with its TKI mode of action, afatinib reduced EGFR activity (as evidenced by reduced p-EGFR expression) without affecting total receptor levels (Fig. [2c](#Fig2){ref-type="fig"}). Combination treatment using a constant dose of ganetespib (100 nM) with increasing concentrations of afatinib indicated that ganetespib exposure could potentiate the activity of the TKI, sufficient to cause complete abrogation of EGFR activity and downstream effector signaling (Fig. [2c](#Fig2){ref-type="fig"}). Interestingly, combination treatment appeared to partially stabilize total EGFR protein levels in an afatinib-based, dose-dependent manner. Despite this, this pool of receptors lacked activity, as p-EGFR levels continued to decline in the presence of ganetespib. To determine whether these responses translated into improved efficacy in vivo, we subsequently evaluated single agent and combination regimens in NCI-H1975 xenografts. As single agents, weekly administration of ganetespib (50 mg/kg) and afatinib (5 mg/kg) dosed five times/week each induced a similar degree of tumor growth inhibition in NCI-H1975 xenografts (T/C values, 59 % and 66 %, respectively) (Fig. [2d](#Fig2){ref-type="fig"}). Combination treatment resulted in a significant (*p* \< 0.0001) enhancement of antitumor activity, inhibiting tumor growth by 81 % (Fig. [2d](#Fig2){ref-type="fig"}). Moreover, ganetespib co-treatment significantly potentiated afatinib activity even at a more efficacious dose of the TKI (Fig. [2e](#Fig2){ref-type="fig"}). Afatinib dosed at 20 mg/kg resulted in effective stabilization of NCI-H1975 xenograft tumor growth (T/C, 6 %), with dual therapy causing 78 % tumor regression (*p* \< 0.0001). All treatments were well tolerated, with no significant toxicity or loss of body weights observed over the course of the dosing regimen (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Taken together, these data indicated that ganetespib possesses potent sensitizing properties when combined with standard of care TKI drugs in EGFR mutant-driven NSCLC.

Characterizing ganetespib activity in WT-EGFR NSCLC models {#Sec9}
----------------------------------------------------------

To investigate ganetespib activity within the context of the WT-EGFR phenotype, the cytotoxic activity of the compound was first evaluated using a panel of 31 WT-EGFR-expressing NSCLC lines, where it reduced cell viability with low nanomolar potency (Table [1](#Tab1){ref-type="table"}). Our analysis included the NCI-H1838 cell line which exhibits genomic amplification of EGFR, resulting in overexpression of the wild-type receptor \[[@CR37]\]. Ganetespib had a cytotoxicity IC~50~ value in these cells of 21 nM, virtually identical to the overall median value for all the lines examined (22 nM). Expression changes in HSP90 client proteins and signaling pathways associated with NSCLC progression were then investigated using the ganetespib-sensitive, WT-EGFR cell line NCI-H1666. As expected, targeted degradation of both EGFR and HER2 receptor expression was induced in a dose-dependent manner, with maximal effects achieved at drug concentrations of 100 nM or greater (Fig. [3a](#Fig3){ref-type="fig"}). Of note, NCI-H1666 cells harbor a mutant BRAF^G466V^ kinase. Mutant BRAF proteins are particularly reliant on HSP90 activity for stability, and accordingly, destabilization of BRAF^G466V^ protein levels also occurred following ganetespib treatment. However, in contrast to most other BRAF mutations (e.g., BRAF^V600E^) which are activating and confer transforming capacity, BRAF^G466V^ is kinase impaired \[[@CR38]\] and thus not likely to be a primary driver of oncogenesis in this cell line. The coordinate impacts on these upstream signaling mediators arising from ganetespib treatment produced convergent effects on MAPK and survival pathway signaling (Fig. [3a](#Fig3){ref-type="fig"}). This was demonstrated by the complete loss of active (phosphorylated) MEK and AKT expression, as well as significantly reduced ERK activity, seen at comparable drug concentrations. These molecular changes correlated with a robust increase in cleaved poly(ADP-ribose) polymerase (PARP) expression, another marker of apoptosis (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3Ganetespib inhibits oncogenic signaling and suppresses tumor growth in WT-EGFR NSCLC models. **a** NCI-H1666 cells were incubated with the indicated concentrations of ganetespib for 24 h. Cell lysates were analyzed by Western blotting. **b** NCI-H1666 cells were treated with 100 nM ganetespib for the indicated time periods. Cell lysates were analyzed by Western blotting. **c** Mice bearing NCI-H1666 tumors (*n* = 4 mice/group) were i.v. administered ganetespib (150 mg/kg) on a weekly dosing regimen for 3 weeks. Data are expressed as mean and SEM for each time point. Numerical T/C values are indicated to the *right* of each growth curve

When the kinetics of client pathway modulation in response to HSP90 inhibition were examined (Fig. [3b](#Fig3){ref-type="fig"}), it was found that 100-nM ganetespib treatment promoted the destabilization of WT-EGFR which was most evident at the 16-h time point. By comparison, a more rapid loss of HER2 protein expression was achieved, occurring by 6 h. These data are in agreement with the differential sensitivity of the two receptors to pharmacological HSP90 blockade. Interestingly, we observed a transient rebound in p-AKT expression between 2 and 6 h following ganetespib exposure; however, this cellular response was effectively suppressed in the continued presence of the HSP90 inhibitor. Overall, the kinetics for maximal reductions in MEK, ERK, and AKT activities matched those observed for the elevation of cleaved PARP levels (Fig. [3b](#Fig3){ref-type="fig"}).

To determine whether these effects on viability and cell signaling translated to antitumor activity in vivo, we evaluated the single-agent efficacy of ganetespib treatment on the growth of NCI-H1666 xenografts. As shown in Fig. [3c](#Fig3){ref-type="fig"}, mice bearing NCI-H1666 tumors that were treated on a weekly dosing schedule of ganetespib at its MTD of 150 mg/kg \[[@CR28]\] exhibited a significant decrease in tumor growth, resulting in 12 % tumor regression. Thus, the potent and durable loss of client protein expression and perturbation of oncogenic signaling induced by ganetespib exposure effectively suppressed tumor growth in this WT-EGFR NSCLC model.

Combination ganetespib plus erlotinib treatment induces tumor regressions in WT-EGFR NSCLC {#Sec10}
------------------------------------------------------------------------------------------

Combinatorial erlotinib plus ganetespib treatment was subsequently evaluated in an additional NSCLC model of WT-EGFR background. To minimize any confounding oncogenic driver effects, the NCI-H322 cell line was chosen for these experiments as it is wild-type for EGFR, BRAF, as well as KRAS. Consistent with its mode of action, erlotinib alone had no effect on total EGFR protein levels but did reduce EGFR phosphorylative status in NCI-H322 cells (Fig. [4a](#Fig4){ref-type="fig"}). At the highest dose levels examined, a reduction in ERK activity (i.e., p-ERK expression) and modest impact on AKT signaling were observed. A high dose of ganetespib (500 nM) was sufficient to effectively degrade EGFR protein levels (inducing a concomitant loss of p-EGFR activity), abrogate AKT signaling, and reduce, although not completely inhibit, p-ERK expression in NCI-H322 cells. In the presence of ganetespib, and similar to what was observed for the ganetespib/afatinib combination in Fig. [2c](#Fig2){ref-type="fig"}, concurrent treatment with increasing concentrations of erlotinib partially stabilized EGFR protein levels in a dose-dependent manner. Despite this, no reactivation of EGFR kinase activity, as evidenced by p-EGFR expression, occurred with concomitant ganetespib exposure. In addition, ERK signaling activity was further suppressed in an erlotinib-dependent manner in combination-treated NCI-H322 cells (Fig. [4a](#Fig4){ref-type="fig"}). Similar molecular effects and pathway modulation were observed in another WT-EGFR cell line, NCI-H292 (Supplementary Fig. [S2](#MOESM2){ref-type="media"}).Fig. 4Ganetespib potentiates the activity of erlotinib to induce tumor regression in WT-EGFR NSCLC. **a** NCI-H322 cells were incubated with the graded concentrations of erlotinib for 24 h, with or without 500 nM ganetespib. Cell lysates were analyzed by Western blotting. **b** Mice bearing NCI-H322 tumors (*n* = 8 mice/group) were i.v. dosed with ganetespib (50 mg/kg) once weekly and erlotinib (25 mg/kg) administered p.o. five times/week, either alone or in combination. Numerical T/C values are indicated to the *right* of each growth curve, and the *errors bars* are the SEM. The combination of ganetespib and erlotinib was significantly more efficacious than either agent alone, resulting in tumor regressions (combination vs. erlotinib, \**p* \< 0.0001)

Finally, we performed an extended in vivo analysis of combination ganetespib plus erlotinib treatment using NCI-H322 xenografts. Mice bearing NCI-H322 tumors were treated with a one third MTD (50 mg/kg) weekly dose of ganetespib or erlotinib (25 mg/kg) five times/week, either alone or in combination, over a 2-month treatment period (Fig. [4b](#Fig4){ref-type="fig"}). Ganetespib monotherapy resulted in 38 % tumor growth inhibition, while erlotinib suppressed tumor growth by 65 %. When administered concurrently, a significant improvement in antitumor efficacy was achieved, resulting in 34 % tumor regression. These data clearly demonstrate that the therapeutic sensitizing properties of ganetespib for direct EGFR kinase inhibition were conserved within the WT-EGFR NSCLC setting.

Discussion {#Sec11}
==========

EGFR is a validated therapeutic target in NSCLC, with three small molecule TKIs (erlotinib, gefitinib, and afatinib) currently approved for the treatment of advanced disease \[[@CR22]\]. All of these agents show preferential clinical efficacy in NSCLC patients whose tumors harbor activating EGFR mutations. Mutant EGFR oncoproteins are particularly reliant on the chaperone activity of HSP90 for their conformational stability and function \[[@CR39], [@CR40]\]. Thus, pharmacological blockade of HSP90, leading to the degradation and loss of mutant EGFR protein, is considered a rational and alternative strategy to TKI inhibition for treating tumors driven by such genetic modifications. Moreover, it has recently been demonstrated that the mature, wild-type receptor is also a bona fide HSP90 client in cancers that overexpress WT-EGFR \[[@CR41]\], suggesting potential utility for targeted HSP90 inhibitors beyond the mutant receptor phenotype. Despite this, the clinical experience with ganetespib (and other selective HSP90 inhibitors) has revealed only modest single-agent activity in molecularly defined subsets of both wild-type and mutant EGFR NSCLC patients \[[@CR32], [@CR42]\]. It has been proposed that the full therapeutic benefit of small molecule inhibitors of HSP90 is likely to be realized when they are used as part of combinatorial approaches, alongside standard-of-care or other molecularly targeted agents \[[@CR20]\]. In this regard, ganetespib has shown potent chemosensitizing activity when administered in conjunction with taxanes in NSCLC, in both the preclinical and clinical settings \[[@CR30], [@CR33]\]. These considerations thus prompted the comprehensive evaluation of combining the modalities of HSP90 blockade with selective EGFR tyrosine kinase inhibition presented here.

Initially, we performed analyses using xenograft tumors derived from the mutant EGFR^Del\ E746_A750^-driven NCI-HCC827 NSCLC cell line, wherein the presence of this particular mutation confers sensitivity to erlotinib exposure. Indeed, erlotinib treatment was highly efficacious in vivo, resulting in measurable tumor regressions and disease stabilization. Since mutated EGFR is an established HSP90 client and NCI-HCC827 cells are sensitive to ganetespib exposure \[[@CR28]\], we selected a low (one third MTD) dose of ganetespib for these experiments in order to readily permit evaluation of potential combinatorial improvements in efficacy between the two drugs. As a single agent, ganetespib displayed only modest antitumor activity at this dose level. However, when combined with erlotinib, ganetespib greatly improved the therapeutic response, significantly enhancing the overall degree of regression in this model. The molecular basis underlying the superior efficacy remains to be fully elucidated. However, it is reasonable to suggest that coordinate impacts on both the signaling activity and functional stability of EGFR^Del\ E746_A750^ (afforded by selective kinase and HSP90 inhibition, respectively) promoted a more robust and durable loss of EGFR oncogenic driver activity that resulted in greater tumor shrinkage. Further, the pleiotropic effects of HSP90 inhibition would also be expected to impact convergent and/or parallel signaling pathways to EGFR; this broader spectrum of biologic activity might also contribute to the improved therapeutic indices.

While initially effective in appropriately selected NSCLC populations, durable responses to erlotinib are rare, and most patients invariably progress to drug-resistant disease, typically within around 12 months \[[@CR43]\]. The predominant mechanism of acquired resistance, accounting for approximately half of all cases, is the acquisition of a secondary mutation (T790M) at the gatekeeper residue of EGFR \[[@CR43]\]. Indeed, the higher prevalence of this mutation in patients previously treated with an EGFR TKI indicates that TKI therapy itself provides a strong selection pressure for this molecular alteration and consequent development of resistance \[[@CR44]\]. We have previously reported that erlotinib-resistant, EGFR^L858R/T790M^ mutant-expressing NCI-H1975 cells display sensitivity to ganetespib \[[@CR28]\] and, as we show here, this results from potent destabilization and loss of EGFR^L858R/T790M^ receptor expression, with concomitant effects on downstream effector pathways including STAT, ERK, and AKT signaling. This is consistent with the premise that tumors that have become erlotinib-resistant via secondary T790M mutation are still dependent on aberrant EGFR activity for their continued growth and survival. As expected, NCI-H1975 xenograft tumors were insensitive to erlotinib treatment, and a one third MTD dose of ganetespib resulted in a modest degree of tumor growth inhibition when administered as monotherapy. However, concurrent treatment with both drugs resulted in a significantly improved antitumor response, indicating that dual ganetespib + erlotinib therapy may provide a means to overcome erlotinib resistance in this clinically relevant NSCLC model. This result is in agreement with a preclinical study showing similar combinatorial benefit when erlotinib was combined with an investigational HSP90 inhibitor compound CH5164840 \[[@CR45]\]. Encouraging signs of clinical activity with the HSP90 inhibitor AUY922, dosed in combination with erlotinib, in patients with acquired resistance to EGFR inhibitors was recently reported from a phase II study (NCT01259089) \[[@CR46]\]. Five of 22 patients demonstrated a partial response; three of which had the T790M mutation. Together, the data suggest that HSP90 inhibition alongside EGFR kinase blockade may represent an effective drug combination for overcoming TKI resistance in EGFR-mutant NSCLC.

One approach to counteract T790M-mediated resistance mechanisms has been the development of irreversible TKIs, such as the dual EGFR/HER inhibitor afatinib. Unlike erlotinib and gefitinib, which are reversible ATP-competitive agents, afatinib covalently binds to EGFR to irreversibly block receptor tyrosine kinase activity \[[@CR35]\]. Accordingly, afatinib has shown robust activity in preclinical models against tumor lines harboring the T790M mutation, including NCI-H1975 \[[@CR36]\]. Interestingly, our study also uncovered a significant enhancement of afatinib antitumor efficacy in response to ganetespib co-treatment in these xenograft tumors. At suboptimal dose levels that each induced a similar degree of tumor growth inhibition as single agents, combination treatment of ganetespib with afatinib resulted in a significant enhancement of tumor suppression. Remarkably, even at a more efficacious afatinib dose that effectively inhibited tumor growth, the addition of ganetespib to the regimen promoted near-complete tumor regressions. While the precise mechanism(s) by which ganetespib potentiates the activity of EFGR TKIs of both the reversible and irreversible classes is currently under investigation, further evaluation of this combinatorial treatment strategy is warranted. In this regard, an early-stage clinical trial combining ganetespib with afatinib in NSCLC patients with EGFR-activating mutations and acquired erlotinib resistance is planned.

A significant finding of the present study was that the improved therapeutic efficacy afforded by combination ganetespib plus erlotinib treatment was also observed within the WT-EGFR NSCLC setting. These data also provided some insights to the molecular mechanisms underlying the interaction between kinase and HSP90 inhibition. While erlotinib treatment resulted in a degree of receptor stabilization, no reactivation of EGFR kinase activity was observed in the presence of ganetespib. In addition, ERK signaling appeared to represent a point of convergence between the two agents, given that ERK activity was completely suppressed in cells following dual drug treatment. In contrast to its established role as first-line therapy for NSCLC patients with EGFR-mutated tumors, the use of erlotinib as a second- or third-line salvage treatment for WT-EGFR patients that have progressed on prior chemotherapy remains contentious \[[@CR18]\]. For example, the recent TAILOR phase III trial comparing erlotinib with docetaxel in advanced NSCLC patients with WT-EGFR tumors for whom first-line platinum therapy had failed demonstrated a clear superiority for the standard chemotherapy arm \[[@CR47]\]. However, the initial clinical evaluation of erlotinib was performed in unselected NSCLC populations, and retrospective analyses of those randomized trials has revealed that, while overall response rates were higher in patients with EGFR mutations, survival benefit from single-agent erlotinib treatment was maintained in a proportion of the wild-type population \[[@CR15], [@CR48]\]. The underlying molecular basis for the modest, yet clinically meaningful, improvements in survival outcomes for WT-EGFR individuals is still unknown, and biomarkers predicting for TKI response in WT-EGFR patients are lacking \[[@CR17]\]. Moreover, there is considerable interest in identifying strategies to both exploit and improve the efficacy of selective TKIs such as erlotinib in wild-type disease. To date, efforts to combine EGFR TKIs with standard chemotherapies have not been associated with survival benefits in clinical trials \[[@CR5]\]. The data presented here suggest that the multimodal effects afforded by HSP90 inhibition may represent a novel approach for optimizing response to EGFR TKIs for the large majority of NSCLC cases and thus warrant further clinical investigation.

Overall, the capacity of ganetespib to potentiate the in vivo activity of selective EGFR TKIs (including erlotinib and afatinib) provides a compelling rationale for combining these agents as part of novel treatment strategies for NSCLC. Moreover, the therapeutic benefit conferred by dual HSP90/EGFR-TKI blockade was conserved within both the mutant and WT-EGFR disease settings---thus providing new opportunities to target EGFR and overcome mechanisms of resistance across a spectrum of NSCLC patients.
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###### 

Average body weight changes following combination ganetespib + afatinib treatment in NCI-H1975 xenografts. Body weights were measured 5 times per week. Mean values are plotted against vehicle controls. (GIF 23 kb)
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High resolution image (TIFF 249 kb)

###### 

Pathway modulation in WT-EGFR H292 cells following erlotinib and ganetespib treatment. NCI-H292 cells were incubated with graded concentrations of erlotinib for 24 h, with or without 200 nM ganetespib. Cell lysates were analyzed by Western blotting. (GIF 48 kb)
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